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The solution structure of an HMG-I(Y)-DNA
complex defines a new architectural minor

groove binding motif

Jeffrey R. Huth', Carole A. Bewley', Mark S. Nissen?, Jeremy N.S. Evans?, Raymond Reeves?,

Angela M. Gronenborn! and G. Marius Clore'

The solution structure of a complex between a truncated form of HMG-I(Y), consisting of the second and third
DNA binding domains (residues 51-90), and a DNA dodecamer containing the PRDII site of the interferon-p
promoter has been solved by multidimensional nuclear magnetic resonance spectroscopy. The stoichiometry of
the complex is one molecule of HMG-I(Y) to two molecules of DNA. The structure reveals a new architectural
minor groove binding motif which stabilizes B-DNA, thereby facilitating the binding of other transcription
factors in the opposing major groove. The interactions involve a central Arg-Gly-Arg motif together with two
other modules that participate in extensive hydrophobic and polar contacts. The absence of one of these
modules in the third DNA binding domain accounts for its ~100 fold reduced affinity relative to the second one.

Members of the non-histone chromosomal high mobility group
HMG-I(Y) family are required for the assembly of higher order
transcription enhancer complexes which are central for transcrip-
tional activation of a number of important genes!, the best char-
acterized of which is the interferon-f gene (IFN-B)2%. In addition
HMG-I(Y) has been implicated as a crucial host protein for HIV-
1 viral integration’, an activity that may be related to observations
that fusions of HMG-1(Y) and cellular proteins are associated with
specific chromosome translocations frequently found in human
lymphomas and leukemias®.

The HMG-I family of proteins includes the two isoform pro-
teins HMG-I and HMG-Y and the homologous protein HMG-
I(C)!. These proteins, which have a relative molecular mass of
~10,000, comprise variable sequences at the N terminus, an acidic
C terminus, and three short DNA binding domains (DBDs) sepa-
rated by linkers of 11-23 amino acids (Fig. 1). The three DBDs,
which have also been termed AT-hooks, recognize a wide variety
of A,T rich sequences four to eight base pairs in length. Despite its
relaxed specificity, HMG-I binds to DNA with nanomolar affini-
ty'® and methylation interference studies have located its binding
site to the minor groove of A, T-tracts.

In this paper, we report the structure of a truncated form of
HMG-I (residues 50-91) comprising the second and third DBDs,
with a DNA dodecamer comprising an HMG-1 target site in the
IEN- gene promoter. The structure indicates how HMG-I recog-
nizes multiple regulatory elements and may modulate the confor-
mation of DNA while in a ternary complex with other transcrip-
tion factors.

DNA-binding stoichiometry and affinities
Initial studies were carried out on full length HMG-I bound to an

18mer oligonucleotide with eight sequential A,T base pairs using a
sequence derived from selection experiments (R.R., unpublished
data). Although many intermolecular NOEs were observed for this
complex, poor spectral dispersion of the protein resonances sug-
gested an unstructured or poorly defined conformation for the
majority of amino acids. This is probably due to the 18mer DNA
being too short to accommodate all three DBDs, such that only
one or two of the three DBDs are bound at any one time resulting
in a mixture of complexes. Since two DBDs are sufficient to confer
DNA binding with nanomolar affinity!!, a truncated form of
HMG-], referred to here as HMG-1(2/3), was prepared comprising
the second (DBD2) and third (DBD3) DBDs and consisting of
residues 50-91 of full length HMG-I (Fig. 1a). Complexes of
BC/BN labelled HMG-1(2/3) and DNA dodecamers containing
A,T-tracts of five or eight base pairs were screened for optimal
DNA spectra. Analysis of the NMR spectra of the longer A, T-tracts
was hindered by the inability to unambiguously assign all the H2
resonances of the adenines, which is essential for positioning and
orienting the protein in the minor groove. Consequently, we chose
to study a complex of HMG-1(2/3) with a dodecamer comprising
a five base pair A, T-tract from the PRDII element of the IFN-
enhancer (Fig. 1b and hereafter referred to as the PRDII dode-
camer) for which all the adenine H2 protons were readily assigned.

The stoichiometry of binding was established by a series of titra-
tion experiments using N/*C{Gly 11]-HMG-1(2/3) and
N/13C-[Gly 37]-HMG-1(2/3) in which a single glycine in DBD2
and DBD?3 respectively was isotopically labelled (Fig. 2a). HMG-
1(2/3) binds to the PRDII dodecamer with DBD2 on the slow side
of intermediate exchange; at ratios of DNA to protein less than 1:1,
the cross-peak of Gly 11 in the 'H-!>N correlation spectrum is
broadened out (note this may also be due to non-specific interac-
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tions resulting in the formation of higher order structures since
some precipitation is observed at ratios of DNA to protein below
1:1 which completely clears up upon further addition of DNA); at
a 1:1 ratio the cross peak is located at the position of the bound
form and does not shift upon further addition of DNA, although
it does sharpen up slightly. In contrast, Gly 37 of DBD3 is in fast
exchange and its cross peak in the 'H-°N correlation spectrum
only begins to shift from its position in the free state at ratios of
DNA to protein greater than about 0.8:1, reaching the position of
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Fig.1 a, Organization of human HMG-I showing the positions of the three DBDs and the sequence
of HMG-I(2/3) (which consists of residues 50-91) with the residue numbering used in this manu-
script. The N-terminal methionine in HMG-1(2/3) was introduced due to bacterial expression and
was confirmed by mass spectrometry. b, Partial sequence of the IFN-§ promoter showing the posi-
tions of the PRDII, PRDIII-I and NRDI elements. The dodecamer used to make the complex with
HMG-I(2/3) is boxed. ¢, Sequence alignment of the high affinity type-l and d, low affinity type-Il
HMG-I DBDs. The Arg-Gly-Arg core is demarcated by a clear box, supporting dipeptide units by a
dark box, and the polar network that distinguishes the type-I from the type-Il DBD by a light box.

the bound form at a ratio of 2:1. Thus, under our experimental
conditions, one molecule of HMG-1(2/3) binds two molecules
of the PRDII dodecamer, the equilibrium association constant
for the interaction of DBD3 with the PRDII dodecamer is
~1.0(£0.5)x10°> M-, and the affinity of DBD2 for the PRDII
dodecamer is about one to two orders of magnitude greater than
that of DBD3. These results are consistent with data from fluo-
rescence competition assays which indicate that the overall asso-
ciation constants for the binding of HMG-1(2/3) and a DBD2

Fig. 2 a, 'H-">N correlation spectra illustrating the change in position of the cross-peaks of Gly 11 and Gly 37 upon the addition of increasing
amounts of DNA. The spectra were recorded using specifically labelled SN/'3C-[Gly 11] and 5N/13C-[Gly 37] HMG-I(2/3). b, Results of fluorescence
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competition assays'® for the binding of the dye Hoechst
33258 to a 41mer DNA containing the PDRII, PRDIII-| and
NRDI elements of the IFN-B promoter (Fig. 1b) in the pres-
ence of increasing amounts of DBD2 fusion protein (top
panel) or HMG-1(2/3) (bottom panel). The DBD2 fusion
protein consists of the B1 1gG-binding domain of Strepto-
coccal protein G and amino acids 50-75 of HMG-I. The
equilibrium dissociation constant is given by the ratio of
the intercept to slope of plots of Kp(app) versus the con-
centration of the HMG-I construct. The concentration of
the 41mer DNA oligonucleotide was kept constant at 1.3
nM; the concentration of Hoechst 33258 was varied from
5-50 nM for the DBD2 fusion protein titration and from
5-40 nM from the HMG-I(2/3) titration; and the concen-
tration of the DBD2 fusion protein and HMG-I(2/3) were
varied from 10-100 nM and from 2-8 nM respectively.
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fusion protein to a 41mer oligonucleotide containing the PRDII,
PRDIII-I and NRDI elements of the IFN-f3 promoter (Fig. 1b) are
~1.3x10° M~! and ~7x10® M~ respectively (Fig. 2b). At 600 MHz,
the largest chemical shift change (Ad) observed upon DNA bind-
ing is ~340 Hz for Gly 11(NH) of DBD2 and ~250 Hz for Arg
38(NH) of DBD3. Hence, the lifetime of the complex bound
through DBD2 to DNA is >0.5 ms [(2rA8)~!] while that for the
one bound through DBD3 is <<0.6 ms [<<(2rA8)~!]. To distin-
guish these DNA-binding motifs, we refer to the high affinity
DBD2 as an HMG-I type-1 DBD and the low affinity DBD3 as an
HMG-I type-11 DBD.

The conclusion that one molecule of HMG-1(2/3) binds to two
molecules of the PRDII dodecamer was confirmed by several addi-
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Fig. 3 a, Plots of 15N Ty, 15N Ty, '*N-{'H} NOE and number of observed
intermolecular NOEs as a function of residue number. The sequence of
HMG-I(2/3) appears below the plots, and DBD2 and DBD3 are enclosed
by boxes. b, A composite of 15N-H and '3C-H strips taken from a 3D '5N-
separated NOE spectrum (top, mixing time 150 msec) and a 3D '3C-sepa-
rated/ 12C-filtered NOE spectrum (bottom, mixing time 150 msec). Cross
peaks marked with an asterisk have their maxima on another plane. The
cross peaks between Arg 38(CBH) and the H2 protons of A17 and A18,
designated in italics, arise from a minor (<10%) population in which
DBD3 is bound in the opposite orientation. It will be noted that the H1'
resonances of T8 and A18, and of A6 and T20 are degenerate; in most
cases the assignment of the NOE to one or other of these protons could
be readily ascertained from the ensemble of simulated annealing struc-
tures since one of the two interproton distances was greater than 6 A
and the other less than 3.5 A; where no such dis-
tinction could be made, the peaks are labelled
with both possibilities and the NOEs were repre-
sented as (Tr6)"6 sums* in the final restraints list.
¢, Summary of the DNA contacts involving DBD2
and DBD3. The DNA is represented as a cylindrical
projection viewed from the minor groove side.
Bases are indicated as thick lines, the deoxyribose
sugar rings as pentagons, and the phosphates as
circles. Contacts involving amino acid side chains
and backbone amides are indicated by solid and
dashed arrows respectively. Hydrogen bonds
between protein and DNA bases (02 atoms of C
and T) are indicated by red arrows, hydrophobic
contacts by green arrows, and electrostatic con-
tacts involving the DNA phosphates by blue
arrows.

tional lines of evidence. First, 2D *C-edit-
ed/!2C-filtered NOE experiments on a 2:1
DNA to HMG-I(Y) complex containing either
13C/15N-Gly 11 or B¥C/15N-Gly 37 indicated
that both residues contact the same DNA bases since NOEs were
observed from the CoH protons of Gly 11 and Gly 37 to the H2
and H1' protons of A6. Second, no NOEs between the two DBDs
were observed in a 3D 13C-separated NOE spectrum recorded on
both 1:1 and 2:1 DNA to protein complexes containing uniformly
13C/15N labelled HMG-1(2/3), ruling out a side-by-side orienta-
tion at one A,T-tract. Third, analysis of °N relaxation data!? for
the 2:1 DNA to protein complex (Fig. 3a) delineated two distinct
ordered domains comprising a longer DBD2 (residues 7—-22) and
a shorter DBD3 (residues 33—41) separated by a highly flexible
linker (residues 22-32). The two domains tumble independently
of each other with apparent rotational correlation times of ~9.3 ns
for DBD2 and ~7.5 ns for DBD3 (and apparent diffusion
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anisotropies, assuming axial symmetry, of ~1.6-2.0), consistent
with a flexible dumb-bell model in which the average angle
between the long axes of the two DNA molecules is ~15-25° and
the two domains freely diffuse in a cone with a semi-angle of ~50°
and a time constant of ~1 ns.

Structure determination

The three-dimensional solution structure of HMG-I1(2/3) bound
to the PRDII dodecamer in a 2:1 DNA to protein complex was
solved using multidimensional heteronuclear-filtered and -edited
NMR spectroscopy!'3-16. Only one set of DNA resonances was
observed for the 2:1 complex indicating that the chemical envi-
ronments of the DNA protons in the DBD2-DNA and DBD3-
DNA complexes are very similar. Hence, the same set of NMR
derived restraints for the DNA was used to calculate the structures
of the DBD2- and DBD3-DNA complexes. Since the linker region
is highly mobile (Fig. 3a) and does not exhibit any non-sequential
NOEs, the structures of the two halves (residues 3-27 and 32—41)
of HMG-1(2/3) complexed to the PRDII dodecamer were calculat-
ed independently. The distribution of intermolecular NOEs and
an example of the quality of the NMR data illustrating intermole-
cular contacts are shown in Fig. 3a,b respectively, and superposi-
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Fig. 4 Stereoviews showing best fit superpositions of the
final 35 simulated annealing structures of the a, HMG-|
DBD2-DNA and b, DBD3-DNA complexes. The backbone
(N, Ca, C) atoms of the DBDs are shown in yellow; side
chains of Arg 8, Pro 9, Arg 10, Arg 12, Pro 13, Lys 17 and
Asn 18 for DBD2, and Pro 35, Arg 36, Arg 38 and Pro 39 of
DBD3 are shown in red; and the DNA is shown in blue.
Note that the side chains of Arg 10 and Arg 12 of DBD2 are
well defined beyond the C8 position, principally due to a
significant number of intermolecular NOEs involving the
NeH and guanidino protons. These NOEs, however, are not
observed for the corresponding arginines of DBD3, Arg 36
and Arg 38, which are therefore less well defined.

tions of the final 35 simulated annealing structures of
the two complexes are shown in Fig. 4. A summary of
the structural statistics is provided in Table 1.

Description of the structure

In the absence of DNA, the NMR spectrum of HMG-
1(2/3) is indicative of a random coil. Upon binding,
the two DBDs that contact the DNA become ordered
and adopt a well defined conformation in the minor
groove. A summary of the intermolecular contacts is
provided in Fig. 3c. Both DBDs bind to the 5'-
A4AATT; sequence in a specific orientation with the
N-terminal Arg of the core Arg-Gly-Arg sequence
{Arg 10 of DBD2 and Arg 36 of DBD3) located near
base pair 8 and the C-terminal arginine (Arg 12 of
DBD2 and Arg 38 of DBD3) located near base pair 4
(Fig. 3b,c). In the case of the low affinity DBD3
domain, a minor population (<10%) is observed to
bind in the reverse orientation, as evidenced by very
weak NOEs between Arg 38(CBH) and the H2 pro-
tons of A17 and A18; the corresponding NOEs for the
major population are much more intense and involve
the H2 protons of A5 and A6 (Fig. 3b). No evidence of
an alternate orientation for the high affinity DBD2
domain could be detected.

The DNA in the DBD2 and DBD3 complexes is
essentially B-type (Figs 4, 5). A best-fit superposition
of the DNA in the complexes onto classical B and A-
DNA yields atomic r.m.s. differences of ~1.7 A and
~7.1 A respectively, for base pairs 1-12. For reference, the atomic
r.m.s. difference between the mean coordinates of the DNA in the
DBD2 and DBD3 complexes is 0.6 A, which is comparable to the
precision of the coordinates. The minor groove width in both
complexes is on average only ~1-1.5 A wider than that in classical
B-DNA. The average values for the local helical twist and rise are
35.6° and 3.6 A respectively. The propeller twist, local inter-base
pair tilt angles and local inter-base pair roll angles vary from ~ -
26° to ~ +3°, ~ -3° to ~ +2° and ~ -6° to ~ +4° respectively, with
average values of ~ -10°, ~ 0° and ~ -1.5° respectively.

The HMG-1 DBDs can be divided into three modular compo-
nents (Figs ¢, 5a,b): a central Arg-Gly-Arg core that adopts an
extended conformation deep in the minor groove, a pair of lysine
and arginine residues at either end of the core that mediate elec-
trostatic and hydrophobic contacts with the DNA backbone, and
in the case of DBD2 (but not DBD3) a more extensive network of
six amino acids C-terminal to the core that interacts with the
sugar-phosphate backbone on either edge of the minor groove.
The latter, which results in a significant increase in the DNA con-
tact surface, is the distinguishing feature between the HMG-I
type-I (DBD2) and type-II (DBD3) motifs and accounts for the
higher DNA binding affinity of the type-I motif. The existence of
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an extended Arg-Gly-Arg motif was first proposed on the basis of
NMR studies on a series of short peptides, 5-11 residues in length
and containing the sequence Pro-Arg-Gly-Arg-Pro, which bound
to DNA with an affinity only in the millimolar range!”. Thus, the
additional modules in the HMG-I DBDs are crucial determinants
of affinity and specificity since the affinities of DBD3 and DBD2
for DNA are two and four orders of magnitude higher respective-
ly, than those of the short peptides.

The Arg-Gly-Arg core presents a narrow concave surface which
is perfectly suited to insert into the minor groove of A,T-tracts
without causing a large perturbation in the DNA conformation
(Figs 4, 5a,b). The side chains of the arginine core residues are ori-
ented parallel to the minor groove and extend away from the cen-
tral A, T base pair (base pair 6). Arg 10 (DBD2)/Arg 36 (DBD3)
and Arg 12 (DBD2)/Arg 38 (DBD3) are packed against the bases
of A17 and A18, and A5 and A6 respectively, and their guanidino
groups are hydrogen bonded to the O2 atoms of C9 and T21
respectively (Figs 3¢, 6b,d). The backbone of Arg 12 (DBD2)/Arg
38 (DBD3) is anchored by a hydrogen bond between their respec-
tive backbone amides and the O2 atom of T20 (Fig. 6a,c), and in
the case of DBD2 the side chain orientation of Arg 12 may be fur-
ther stabilized by the interaction of its guanidino group with the
061 atom of Asn 18 (Fig. 6a). The conformation of the core
arginines is facilitated by the presence of an intervening glycine
residue (Gly 11 for DBD2 and Gly 37 for DBD3) whose CoH pro-
tons are packed against the base of A6 and whose backbone amide
is hydrogen bonded to the O2 atom of T7 (Fig. 6b,d). This close

nature structural biology « volume 4 number 8 » august 1997

Fig. 5 Surface represéentations of a, DBD2 and b, DBD3 in which the
core Arg-Gly-Arg DNA-binding unit is shown in blue, and the polar
network of amino acids that accounts for the higher affinity of
DBD2 relative to the DBD3 is shown in yellow. The DNA and the
backbone and side chains of the proline and lysine residues immedi-
ately adjacent to the core are displayed as a bond representation in
white and red respectively. ¢, View of DBD2 where the DNA and
modular components of the type-I motif are colour coded: white
for the DNA, blue for the Arg-Gly-Arg core, red for amino acids that
contact the phosphate backbone similar to those in the type-Il
motif, and yellow for the DNA-contacting residues unique to the
type-l motif. d, Bond representation of the Arg-Gly-Arg core and
adjacent prolines. Carbons are coloured in blue, nitrogens in green,
oxygens in yellow, and the prolines in red. e, Bond representation
of netropsin with the same colour coding as for panel (d). The struc-
tures shown are the restrained regularized mean structures. This
figure was generated with the program GRASP45,

proximity of the backbone to the bases precludes any other
amino acid at this position. Moreover, the nature of these
core interactions with the DNA bases excludes a G-C from
the central four base pairs. The large 6-NH, group of guanine
in place of a proton at the equivalent position for A5, A6, A17
or Al8 would introduce substantial bulk into the narrow
minor groove such that the snug fit of the core arginine and
glycine methylene groups would be prevented. Indeed, the
absence of the 6-NH, group in poly(dI-dC).poly(dI-dC)
sequences accounts for their ability to bind HMG-I'8,

Trans prolines on either side of the Arg-Gly-Arg core (Pro
9 and 13 of DBD2, and Pro 35 and 39 of DBD3) direct the
peptide backbone away from the minor groove (Figs 5¢, 6),
and position amino acids N- and C-terminal to the core near
the phosphate backbone where a pair of lysine and arginine
residues N-terminal to Pro 9/Pro 35 and a single lysine C-ter-
minal to Pro 13/Pro 39 interact with the DNA in a similar
manner in the two complexes (Figs 3¢, 6). Thereafter the
interactions of DBD2 and DBD?3 with the DNA are different.
For the weakly binding DBD3 (type-1I motif) only one addi-
tional residue (Lys 41) contacts the DNA (Figs 3¢, 5b, 6c),
whereas for the strong binding DBD2 (type-1 motif), a network of
polar and hydrophobic contacts extends from Gly 15 to Ala 22
(Figs 3¢, 5a, 6a). A key component of the latter module is a type II
turn between Pro 13 and Ser 16 which positions the side chain of
Lys 14 towards the phosphate of T21 on the top strand of the DNA
and the backbone amide of Gly 15 in close proximity to the phos-
phate of C22, and orients the subsequent polypeptide backbone
approximately orthogonal to the long axis of the DNA (Fig. 6a).

Determinants of binding orientation

One of the principal determinants of binding orientation arises
from hydrophobic interactions of the arginine side chains of the
Arg-Gly-Arg core with the adenine bases of A5, A6, A17 and A18.
With the DBDs bound in the reverse orientation there would be
steric clash with the bulky O2 atoms of the complementary
thymidines. Further, given the extended conformation of the Arg-
Gly-Arg motif with the arginine side chains located on the same
side of the polypeptide chain (Fig. 5d4), optimal van der Waals
packing is achieved when the adenine bases contacting the aliphat-
ic portions of the arginine side chains are located on opposite
strands of the A, T-tracts (Fig. 6). This suggests that optimal HMG-
I binding sites should contain the sequence AA(T/A)T at their cen-
tre, a prediction which appears to be borne out from an examina-
tion of numerous HMG-1 binding sites!.

Comparison with other minor groove binding motifs
HMG-I(2/3) bound to DNA represents only the fourth example of
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a structure in which the protein recognizes DNA exclusively
through the minor groove. In the case of the TATA binding pro-
tein!?2, the HMG-1/2 box proteins SRY?! and LEF??, and integra-
tion host factor??, a wedge of hydrophobic amino acids, oriented
orthogonal to the long axis of the DNA, protrudes from the con-
cave protein surface and partially intercalates between DNA base
paits, causing expansion of the minor groove, and unwinding and
bending of the DNA. In contrast, the concave recognition surface
of HMG-I is narrow, lacks a protruding hydrophobic amino acid
(Fig. 6), and preserves a B-form DNA conformation (Figs. 5a,b).

HMG-I like motifs in other proteins

A search of the protein database?® for sequences similar to the
HMG-I type-1 or type-2 DNA-binding motifs (Fig. 1¢,d) identi-
fied a number of sequence similarities. Factors such as wheat his-
tone H2, modifier 3, SNF2, and CPD1? participate in chromatin
organization or, in the case of MIF2%5, associate with DNA during
mitosis. Other factors, such as HRX, AF17, AF10, EDRF1, and
ENBP1, regulate the transcription of specific genes. Some of the
chromosomal translocations associated with leukemia involve the
HRX and AF17, or HRX and AF10 genes. In the resulting chi-
maeras, three HMG-I type-1I DBDs of HRX effectively replace or
add to the HMG-I type-1 DBD of AF17 or AF10%%7. Although the
functional relevance of HMG-I domain switching has not been
established, one can postulate that replacement of a tightly bind-
ing type-I motif by a weakly binding type-II motif would result in
loss of function.

Correlation with biochemical data

The present study demonstrates that two DBDs of HMG-I do not
bind side-by-side but bind to sequential A,T-rich sites, in agree-
ment with biochemical results that demonstrated multivalent
DNA-binding to the IFN-B promoter?®. Mutations in the five base
pair A, T-tract of the PRDII element have a greater effect on HMG-
I binding than mutations in the neighbouring four base pair A, T-
tract of the NRDI element?, suggesting that the PRDII element
contains the higher affinity HMG-I binding site. The present
results show that DBD2 binds DNA with significantly higher affin-
ity than DBD3, and are consistent with protease protection stud-
ies in which only DBD2 was found to be protected in the presence

662

Fig. 6 Views illustrating the interactions of DBD2 and
DBD3 at the 5’ (a and ¢ respectively) and 3’ (b and d
respectively) ends of the A,T-tract. The protein back-
bone is shown in green, the side chains in yellow, C and
G in blue, A in red, and T in magenta. The structures
shown are the restrained regularized mean structures.
This figure was generated with the program GRASP45.

of DNA!®, At the micromolar concentrations used
in these experiments, only a small fraction of the
weakly binding type II DBDs (for example DBD3)
would be bound. Rapid protease digestion of
DBD1 in the presence of DNA and sequence align-
ments (Fig. 1d) suggest that, like DBD3, DBD1 is
also an HMG-I type-II DBD. Thus, it seems likely
that the DBD2 binds to the high affinity PRDII site,
while DBD1 and DBD3 enhance the overall affini-
ty of the complex by binding to the shorter, adja-
cent NRDI and possibly PRDIII-I A,T tracts (Fig.
1b).

It has been observed that the IFN-f enhancer
exhibits a small intrinsic bend of ~ -20° towards the
minor groove that is reversed upon HMG-I bind-
ing*. A bend in the direction of the minor groove frequently results
in minor groove compression, while a bend in the direction of the
major groove would involve minor groove expansion. The minor
groove width (~ 7-7.5 A) of the HMG-I DBD2- and DBD3-DNA
complexes is comparable to that of canonical B-DNA (~ 6 A), and
neither DBD could interact optimally with DNA in either a com-
pressed (as in the case of the IFN-f enhancer) or expanded minor
groove. Hence, it seems likely that the principal architectural role
of HMG-I probably involves reversing and preventing intrinsic
distortions in DNA conformation, including bending or kinking,
by binding in the minor groove, thereby facilitating specific recog-
nition of the opposing major groove by other transcriptional fac-
tors such as NF-xB.

Drug design based on the HMG-I Type-| DBD

Several lines of evidence suggest that HMG-I(Y) is a potential cel-
lular target for the design of anti-neoplastic and anti-HIV drugs.
First, overexpression of HMGI-I(Y) proteins is often necessary for
transformation of cultured cells, and high expression has been
observed in human tumors of the prostate, colon, and thyroid®.
Second, chromosomal translocations that involve HMG-I(Y) genes
are hallmarks of benign tumors of the uterus, breast, and fatty tis-
suel. Third, HMG-I(Y) is an essential cellular component of a
functional HIV-1 pre-integration complex®. Thus, specific inhibi-
tion of DNA binding by HMG-I(Y) may block the development
and/or progression of a number of tumors and prevent HIV inte-
gration.

The structure of the high affinity HMG-I type-I domain
(DBD2) complexed to DNA suggests a means to design novel
minor groove DNA-binding drugs that may achieve these thera-
peutic goals. The Arg-Gly-Arg core mimics the conformation of
polypyrrolecarboxyamide drugs such as netropsin bound to
DNAZ? (Fig. 5d,¢). Because the polar and hydrophobic network of
amino acids (residues 15-22 of DBD2) bridging the minor groove
in the HMG-I type I motif (Figs lc, 5a,c) increases its DNA-bind-
ing affinity by about two orders of magnitude relative to that of the
HMG-I type-II motif, modifications of polypyrrolecarboxamide
drugs to include functional groups that mimic this network may
result in significant increases in affinity. This is particularly so if
these modifications can be designed to be conformationally
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Table 1 Structural statistics?

DBD2 <SA> DBD3 <SA>
R.m.s. deviations from NOE interproton distance restraints (A)2
All (624) (501) 0.017£0.003 0.014 +0.001
Protein
interresidue sequential (i - j| = 1) (71/31) 0.024+0.014 0.00005 +0.0003
interresidue medium range (1 < i - j| < 5) (4/2) 0.02+0.027 0.016 +0.025
intraresidue (64/22) 0.0006+0.007 0.007 £0.012
DNA
intraresidue (249/249) 0.0007+0.002 0.0004+0.001
sequential intrastrand (119/119) 0.012+0.004 0.010+0.004
interstrand (44/44) 0.011+0.007 0.011+0.006
Protein-DNA (73/34)3 0.031+0.007 0.042+0.008
R.m.s. deviations from DNA H-bond restraints (A) (42/42)* 0.0205+0.008 0.022+0.006
R.m.s. deviations from distance restraints to phosphates (5/4)° 0.0008 +0.004 0.003+0.010
R.m.s. deviations from ‘repulsive’ restraints (A) (20/28)6 0.025+0.011 0.010+0.008
R.m.s. deviations from experimental dihedral restraints (deg) (172/153)2 0.093+0.057 0.190+0.096
R.m.s. deviations from experimental coupling constants
3June (H2) (13/6)2 0.58+0.08 0.827+0.046
3Jeoco (Hz) (8/3)2 0.38 +0.11 0.308+0.007
R.m.s. deviations from experimental 13C shifts
13Ca (p.p.m.) (21/9) 0.873+0.082 0.926+0.096
3CB (p.p.m.) (18/8) 0.534£0.072 0.511+0.109
Deviations from idealized covalent geometry
bonds (A) (1229/999) 0.006+0.0007 0.006+0.0005
angles () (2238/1814) 0.863+0.027 0.923+0.017
impropers (°) (603/496)7 0.497+0.057 0.511+0.062
EL.y (kcal mol-1)8 -402+7 -364+7
Coordinate precision (A)?
Protein backbone plus DNA 0.62+0.12 0.63+0.15
All protein atoms plus DNA 0.72£0.11 0.77+0.14
Protein backbone 0.57+0.17 0.62+0.20
All protein atoms 0.98+0.19 1.25+0.25
DNA 0.58+0.14 0.58+0.16

1<SA> is the final set of 35 simulated annealing structures for each complex. SA are the mean structures for the two complexes obtained by aver-
aging the coordinates of the individual SA structures best fitted to each other (with respect to residues 6-19 of the protein DBD2 and residues 32-41
of the protein DBD3, and base pairs 1-12 of the DNA). (SA)r are the restrained regularized mean coordinates for the two complexes obtained by
restrained regularized of the mean SA coordinates. The number of terms for the various restraints is given in parentheses with the first number refer-
ring to the DBD2-DNA complex and the second to the DBD3-DNA complex.

2None of the structures exhibited distance violations greater than 0.5 A, dihedral angle violations greater than 5°, 3Juno coupling constant violations
greater than 2 Hz, or 3Jcoco coupling constant violations greater than 0.5 Hz. The torsion angle restraints comprise 36, 17, and 136 torsion angles
for the DBD2, DBD3 and DNA respectively. The latter comprise broad torsion angle restraints for the DNA backbone, covering the values character-
istic for both A and B-DNA, to prevent problems associated with local mirror images3s.

3The number of NOEs involving (Zr—$)-/6 sum restraints to multiple DNA protons is 27 for the DBD2-DNA complex and 9 for the DBD3-DNA com-
plex. The effect of such restraints is to permit a close interproton distance contact to be obtained from a proton of the protein to whichever of the
protons on the DNA is specified in the restraint, the (Zr )6 sum restraint being satisfied providing only that at least one of these DNA protons is
close to the specified proton of the protein36.44,

4The hydrogen bond restraints within the DNA were used to maintain Watson-Crick base pairing.

5The N atom of a lysine or guanidino nitrogen atoms of arginines were restrained within 7 A of a DNA phosphate atom when NOEs from a residue
(Lys 7, Arg 8, Lys 14, Lys 17, Lys 19, Arg 33 and Lys 41) or when structure calculations and 15N relaxation measurements (Lys 34 and Lys 40) indicated that
that residue interacts with a DNA phosphate. (£r -6)-"/6 sum restraints were used and in each case a choice of two adjacent phosphate atoms was given.
8In the final stages of the structure calculations two types of ‘repulsive’ distance restraints3¢, with a lower bound of 4 A (and an unrestrained upper
bound), were introduced to facilitate convergence. First, ‘repulsive’ distance restraints were used to prevent energetically unfavourable proximity
of hydrogen bond donors to other donors, and hydrogen bond acceptor groups to other acceptors: there were 11 such restraints for the DBD2-DNA
complex and 10 for the DBD3-DNA complex. Second, a small number of ‘repulsive’ restraints were also used to prevent structures being generated
which predicted short interproton distances (<3 A) for which no corresponding NOEs could be observed: there were 9 such restraints for the
DBD2-DNA complex and 18 for the DBD3-DNA complex.

7The improper torsion restraints serve to maintain planarity and chirality.

8E., is the Lennard-Jones van der Waals energy calculated with the CHARMM PARAM19/20 protein and PARNAH1ER1 DNA parameters? and is not
included in the target function for simulated annealing or restrained minimization.

9The precision of the coordinates is defined as the average atomic r.m.s. difference between the 35 individual simulated annealing structures of each
complex and the mean coordinates SA. The values refer to residues 6-19 and 32-41 of DBD2 and DBD3 respectively, and to base pairs 1-12 of the DNA.

restricted. Additional increases in both affinity and specificity
could be achieved by tethering two or more such drugs togeth-
er using flexible linkers®® of variable lengths, in an analogous
manner to that employed by intact HMG-1. Using this
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approach, it should be possible to specifically target A,T-tracts
of 5-7 base pairs in length separated by a variable number of
base pairs, thereby increasing the selectivity of such compounds
towards HMG-I binding sites in vivo.
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Methods

Sample preparation. The coding sequence for amino acids
50-91 of human HMG-I, referred to in this paper as HMG-1(2/3),
was cloned into the E. coli vector pET-21a (Novagen) and
expressed in host strain BL21(DE3). Uniform (>95%) >N and 13C
labeling was obtained by growing the cells in modified minimal
medium containing "SNH4Cl and/or 13Cg-glucose as the sole nitro-
gen and carbon sources respectively. The cells were grown at 37
°C, after which protein expression was induced for four hours
with 1.0 mM isopropyl-—D-thiogalactoside. The cells were har-
vested, resuspended in 50 mM Tris buffer, pH 7.5, 5 mM EDTA, and
5 mM benzamidine, lysed by passage through a French press, and
cleared by centrifugation. The supernatant was applied to a CM-
Sepharose Fast Flow (Pharmacia) column equilibrated with 50 mM
Tris, pH 7.2, and HMG-I(2/3) was eluted over a NaCl gradient
(0-1.5 M) of five column volumes. Fractions containing HMG-1(2/3)
were applied to a C4 FPLC column equilibrated with 0.05% triflu-
oroacetic acid and eluted with a 0-100% gradient of acetonitrile.
HMG-1(2/3) was further purified by C4 reversed phase HPLC and
lyophilized. The product was characterized by mass spectrometry
and found to contain an N-terminal methionine. Based on UV
spectroscopy and amino acid analyses, the extinction coefficient
of HMGI(2/3) is 38,200 mol-'¢cm~' at 220 nm. The DBD2 fusion pro-
tein was prepared by cloning the gene encoding residues 50-75
of human HMG-I into a pET-21a-derived expression vector that
contained the gene for the B1 IgG-binding domain of
Streptococcal protein G3!' (J.R.H., CAB, G.M.C. and AM.G,,
unpublished data). The DBD2 fusion protein was purified by IgG
affinity chromatography. The DNA oligonucleotides used for NMR
were purchased from Midland Certified Reagent Co. (Texas), puri-
fied by anion exchange chromatography, and characterized by
mass spectrometry. °N/'3[Gly11]-HMG-1(2/3) and '5N/'3[Gly37]-
HMG-I(2/3) were synthesized on an Applied Biosystems peptide
synthesizer and purified by HPLC.

The HMG-1(2/3)-DNA complexes were prepared by dissolving
HMG-(2/3) in 250 pwl 10 mM sodium phosphate buffer, pH 5.7. This
solution was gradually added to doubled stranded PRDIl DNA
that was dissolved in 1.2 ml of the same buffer. The solution was
concentrated using a Centricon-3 (Amicon) concentrator, and
0.02% (final concentration) sodium azide, 1 mM deuterated
EDTA, and 5 ul of a 50% slurry of benzamidine-sepharose beads
were added. The pH was adjusted to 6.1. Three samples were pre-
pared that contained a 1:1 ratio of DNA to protein: 1.3 mM >N
HMG-1(2/3)-DNA in 90% H,0/10% D30, 1.3 mM '3¢/15SN° HMG-
1(2/3)-DNA in 90% H»0/10% D0, and 2.9 mM '3C/'>N HMGI(2/3)-
DNA in 100% D;O. To make 2:1 DNA to protein complexes, a sec-
ond equivalent of lyophilized DNA was added to the previously
prepared 1:1 samples.
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NMR spectroscopy. Spectra for the complexes were recorded at 33
°C on AMX500, AMX600, DMX600, and DMX750 Bruker spectrome-
ters equipped with z-shielded gradient triple resonance probes.
Multidimensional experiments were performed as described'3-16, 3D
double and triple resonance through-bond correlation experiments
were used to assign the spectra of the protein; 2D 'H-"H NOE, 12C-fil-
tered homonuclear Hartmann-Hahn, and '2C-filtered NOE and ROE
experiments were used to assign the spectrum of the bound DNA;
coupling constants GJune 3Jap, Fom, 3eycos 3Jcoco) were obtained by
2D and 3D quantitative J correlation spectroscopy’®32.33,
Intramolecular NOEs within the protein were obtained from 3D '5N-
separated (40 and 150 ms mixing time) and '3C-separated (40 and
120 ms mixing times) NOE spectra; intramolecular NOEs within the
DNA were obtained from 2D 'H-'H NOE (for the imino, amino and
H2 protons with a mixing time of 120 ms), '2C-filtered NOE (75 and
100 ms mixing time) and '2C-filtered ROE (35 ms mixing time) spec-
tra; and intermolecular NOEs were obtained from 3D '3C-separat-
ed/'2Cfiltered NOE spectra (80 and 150 ms mixing times), as well as
from a 3D 1>N-separated NOE spectrum (150 ms mixing time). 15N Ty,
T1p and 5N-{TH} NOE experiments were recorded and analyzed as
described 2. Spectra were processed with the NMRPipe package34,
and analyzed using the programs PIPP and STAPP35.

Structure calculations. Interproton distance and torsion angle
restraints were derived from the NOE and coupling constant data as
described3®, The structures were calculated by simulated anneal-
ing37 using the program X-PLOR-3138 modified to incorporate pseu-
do-potentials for 3/yno and 3Jcoco coupling constants3?, secondary
13Ca and '3CB chemical shifts?® and a conformational database for
both protein and nucleic acids#!42. Structural DNA parameters were
analyzed using the program CURVES?3.

The coordinates of the 35 final simulated annealing structures of
the DBD2-DNA and DBD3-DNA complexes, together with the coor-
dinates of the restrained regularized mean structures, and the com-
plete list of experimental NMR restraints have been deposited in the
Brookhaven Protein Data Bank as 2EZD, 2EZE, 2EZF, 2EZG and
R2EZEMR.
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